Organophosphorus compounds (OPs) are a large and diverse class of chemicals that have been synthesized, since the XIX century for several purposes like chemical weapons, flame-retardants, ectoparasiticides and investigational new drugs, but mainly as agrochemicals in agriculture and indoor. Although the amount of OP pesticides being used is declining, especially in developed countries, OPs continue being one of the most important classes of insecticides and chemical warfare agents today due to its toxic effects on the enzyme acetylcholinesterase (AChE). Existing research on the toxicological effects of OPs is extensive, however, there is a lack of knowledge on the long-term effects of low levels of OPs and their exactly pathways of toxicity. Recent data prove that other molecular targets than AChE could be targeted by OPs, triggering these effects. Here these data are reviewed and it is highlighted that the current uses of OPs are producing several neurotoxic effects. It is also shown that, to protect people from possible uses and misuses of OPs, more regulations on OPs are needed. Moreover, more mechanistic studies are needed to completely understand their toxicological interactions and mechanisms of action and to identify the whole group of enzymes that interact with them.
Current Uses of Organophosphorus Compounds
Organophosphorus compounds (OPs) are a large and diverse class of chemicals. The first OP, tetraethyl phosphate, was synthesized by Philippe de Clermont, in France in 1854, and OP esters were discovered as toxicants for people in 1932, when Lange and Kruger described the synthesis of dimethyl and diethyl phosphofluoridate and reported that the inhalation of its vapors produced dimness of vision and a choking sensation. In 1937, Gerhard Schrader was synthesizing OPs for the I. G. Farbenindustrie, in Germany, to be used as pesticides, and one of the earliest was parathion. 1 Before World War II (WWII), the Germans priority turned from pesticides to chemical warfare agents, and considerably more toxic OP were synthesized. Since then it is estimated that hundreds of OPs have been synthesized for various purposes. During the second half of the XX century, OP esters became very popular worldwide because organochlorine pesticides were found to persist in the environment. This extended the development of resistance by insects to the chlorinated hydrocarbon insecticides. [2] [3] [4] [5] Pesticide manufacturers, then, concentrated on phosphoric acid esters for the simple reason that they are somewhat easier to synthesize, hence, less costly to manufacture. For many decades, OPs have been major insecticides in terms of their number and market share. They were the first highly effective and systemic ones, able to move throughout plants to protect even the growing tip from sucking insect pests for several days or weeks.
The selective toxicity of OP pesticides is based on specific differences in cholinesterase (ChE) targets, more rapid detoxification in mammals than in insects and in the use of pro-insecticides which are activated in insects better than in mammals. Their easy biodegradation and low environmental persistence, compared with organochlorine, come together with toxic effects, which are more likely due to acute rather than chronic exposure. [6] [7] [8] The amount of OPs pesticides in use today is declining, especially in developed countries. Since 1997, there has been a market shift from OPs and carbamates to pyrethroids and neonicotinoids, together with a variety of non-neuroactive pesticides as biological agents or juvenile hormone analogues. 9 For example, in the United States, the amount of OPs insecticides used has dropped by more than 60% since 1990 from an estimated 85 million pounds in 1990, to 33 million pounds in 2007 when OPs accounted for about 35% of the insecticides used. Despite the number of compounds acting in other targets than ChEs have increased in the last three decades, OPs and methyl carbamates remain at the top of the list among commercial insecticides 10 and their importance will probably continue for decades, since they are effective and inexpensive. 11 Moreover, OPs continue to be on the focus of great research efforts. For example, a medline search made by Costa, 12 in August 2005, with the terms organophosphate/ organophosphorus, provided around 5,000 hits since the year 2000. When we repeated their approach in December 2015, more 5,500 hits were found since the year 2010. The reasons for these efforts in research activities are the continuous high worldwide use of these compounds as pesticides, especially in developing countries, the uses of OPs as chemical weapons in the last years in Syria and some important questions on their mechanisms of toxicity that need to be clarified, especially in relation to their long term neurotoxicity effects and the existence of non-cholinergic targets in mammals.
Costa 12 pointed out 6 priority questions to answer in 2006: (i) does OPs exposure result in behavioral and neuropsychology toxicity in humans? (ii) Is there genetic susceptibility to OPs? (iii) Are children more sensitive to OP toxicity than the rest of the population? (iv) Do all OPs have the same mode of action? (v) What are the precise molecular events involved in the organophosphorus induced delayed neuropathy (OPIDN)? And (vi) are additional targets of OPs relevant for some of these effects? In this work, we provide answers to some of these questions in the light of the new published data. 12 Brazil is the largest consumer of pesticides in South America, with 19% of the world consumption and 35 approved in the current legislation. Together with carbamates, OPs represent the main classes used and had been the major responsible for lethal intoxications in the country. 13 Moreover, in Brazil it is still common the misuse of OP and carbamate insecticides of restrict agricultural use as household biocides (mainly aldicarb) regionally known as chumbinho. 14, 15 There are several risks involved with inappropriate use of these substances, such as occupational, environmental and some issues related to food safety. It is clear that pesticides intoxication is a current serious problem in Brazil, but there is limited information regarding the exact magnitude of the problem, the management and outcomes of poisoned patients, and the long term toxicity effects of these compounds in the country due to the lack of data on biomarkers of exposure identifying the type of compound responsible for the intoxication. 16, 17 As an example, in 2011, the last year with data published from the national system of toxico-pharmacological information, 18 there were reported 11,106 cases of pesticide poisoning in 23 of the 34 poisoning control centers spread out in the country. Among these cases, 158 (1.42%) resulted in deaths. Accidental poisoning was involved in 4,450 cases (40.1%), suicide attempts in 4,591 (41.3%) and occupational poisoning corresponded to 1,313 cases (11.8%).
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In the USA, with 17% of the world compsumption, 12 there are more data on biomarkers of exposure and effect of OPs. 19 Reports showed that 50% of individuals have measurable levels of the OP metabolite dialkyl phosphate and 71% of the OP metabolite diethylphosphate. The United States Department of Agriculture (USDA) reported in 2006 that approximately 73% of fresh fruits, 66% of vegetables, 61% of processed foods and 66% of drinking water in the USA contained detectable levels of OPs. 20 OPs have also evolved into the principal chemical warfare agents and since the 1980s, they have been used in wars and by dictators and terrorists (for a review on this topic see reference 21). OPs as chemical weapons can be divided into two general types: the G and V agents. The most known G agents: sarin (GB), soman (GD) and tabun (GA), were developed in Germany shortly before or during WWII and possess two oxygen atoms bonded to phosphorus (Table 1) . The most known V type agent, VX, is an alkylphosphonothiolate developed in 1952, by the British chemist Ranajit Ghosh, and contains sulfur, as well as two oxygens, bonded to phosphorus. V agents are less volatile, hence more persistent, had a lower vapor pressure, and a higher viscosity than the G agents, and are 1,000 times more toxic. Unfortunately, there are currently extensive stockpiles of neurotoxic OPs worldwide, which mean a continuous threat. 22 The potentiality of attacks employing these agents gives a strong reason for continuous research on OPs and the development of more effective means of protection against them. The Organization for the Prohibition of Chemical Weapons (OPCW) estimates that on September 30 th of Vol. 27, No. 5, 2016 2010, there were nearly 30,000 metric tons of nerve agents undestroyed in the world, and these numbers did not include the stockpiles of non-member states that had neither signed nor acceded to the Chemical Weapons Convention (CWC). [21] [22] [23] [24] [25] [26] [27] [28] In a terrorist attack with GB occurred in a residential area of the city of Matsumoto, Japan, on June 27 th of 1994, 600 people were poisoned; 58 were hospitalized and 7 died. 29 On March 20 th of 1995, another terrorist attack using GB occurred in the Tokyo subway, when 12 people died and more than 5,000 were injured. 30, 31 On the night of August 21 th of 2013, GB was dispersed in the eastern outskirts of Damascus, Siria, killing 1,400 civilians and severely affecting thousands more. [32] [33] [34] OPs are also used as anthelmintics and ectoparasiticides in veterinary medicine. The OP trichlorfon (metrifonate) has been used to treat mild and moderate Alzheimer's disease (AD) and as an investigational new drug. 35, 36 Furthermore, halo alkyl phosphates are used as flame retardants, as for example tris (1,3-dichloro-2-propyl) phosphate (TDCPP) and tris (1-chloro-2-propyl) phosphate (TCPP). These compounds do not possess anti-ChE activity.
The Chemistry of OPs
Chemically OPs are esters of phosphoric acid and its derivatives with varying combinations of oxygen, carbon and sulfur or with nitrogen attached. The general chemical structure of an OP (Table 1 ) comprises a central phosphorus atom with a double bound to oxygen or sulfur, where R 1 and R 2 are commonly alkyl or aryl groups bound to the phosphorus atom either through an oxygen or sulfur (phosphrothioates) or directly (phosphonates or phosphinates). Symbol X represents a variety of groups and is called the leaving group, which is replaced (usually by nucleophilic substitution) by the oxygen of the serine residue at the target protein active site. There are at least 13 types of OPs (summarized in 38, 39 then X group must vary in the different types of OPs. The number of this activating group seemed to be limitless. In 1958 three dozen compounds were cited to be commercial from that the phosphate and phosphinate esters can give rise to 1,250 potential compounds, while, for making the thionate analogues, the number is doubled. [40] [41] [42] Thus, OPs vary extremely in chemical structure and also in chemical properties (Table 1 ). OPs can be miscible with water, but more typically are miscible with organic solvents; Table 1 also shows the octanol-water partitioning coefficients of some OPs. [43] [44] [45] 
Inhibition and Reactivation of Esterases and Cholinesterases by OPs
Esterases as well as cholinesterases, catalyze the hydrolysis of a carboxylester substrate by a reaction which involves the formation of a covalent acyl-enzyme intermediate with the release of a leaving group. OPs exert their mechanism of toxicity by the covalent organophosphorylation of esterases and cholinesterases. The resulting phosphorylated enzyme is usually very slowly cleaved, or not at all, and remains inhibited. In some cases, the recovery by spontaneous reactivation may occur at a significant speed 46 or be forced by nucleophilic reagents such as fluoride or oximes ( Figure 1) . Besides, the phosphoryl enzyme can undergo a dealkylating reaction called aging. 47 The negative charge of the aged phosphoryl group is more stable and this makes the enzyme not reactivable anymore, either spontaneously or by a reactivating agent (Figure 1) .
Oximes can reactivate the phosphorylated cholinesterase in a two steps reaction where: (i) the oxime approaches to the phosphyl group and (ii) forms a fully reversible Michaelis-type conjugate, followed by the displacement of the phosphyl residue ( Figure 1 ). In the last years, extensive research has been done using molecular modeling, X-ray crystallography, cholinesterase mutants, nuclear magnetic resonance (NMR) and mass spectrometry, in order to provide a better understanding of these reactions in the molecular level. [48] [49] [50] [51] [52] [53] [54] [55] [56] Furthermore, several research programs were initiated in many countries for the development of oximes. However, regardless the greatest effort until now, only few oxime-based reactivators are used for treatment of human OP poisoning, namely pralidoxime, obidoxime and TMB-4. [57] [58] [59] [60] Despite structurally oximes have a high structural diversity, they are nevertheless, characterized by four common basic structural characteristics: (i) charged or non-charged one or two ring systems (e.g., pyridinium, imidazole); (ii) ring(s) bearing one or more, symmetric or asymmetric oxime groups at positions 2, 3 or 4; (iii) aliphatic or aromatic side ligands attached to the ring(s); and (iv) different linkers between the rings ( Figure 2 ). Currently, research in the design of new types of oximes is crucial to have a therapeutic solution to OPs intoxication. The main current focus in the development of oximes is to improve the blood-brain-barrier penetration for a more efficacious reactivation of inhibited brain AChE. [61] [62] [63] Increasing research can also be found in the area of new compounds with a mechanism not related to the AChE reactivation. Some results suggest that bisquaternary compounds have an additional therapeutic action in vivo, more effective and less toxic. It has been demonstrated that some oximes block muscarinic 
Biochemical Aspects of the Biotransformations of Ops
The biotransformation reactions of OPs ( Figure 3 ) may cause two types of consequences: (i) toxic activation, when the product of the reaction is more soluble in water and more reactive; (ii) detoxication reactions, when the products are less toxic. 67 The bulk of metabolic activation and detoxification reactions ( Figure 3 ) occur in the liver. Most insecticides are formulated in the form of phosphorothionates because they are more stable than the corresponding oxon forms, such as parathion, chlorpyrifos and diazinon. 68 Once the thiophosphate (with reduced capability to phosphorylate esterases) has been absorbed by the organism, it is bioactivated through desulfurative oxidation and becomes the corresponding oxon form, with a high capability to phosphorylate esterases (toxic bioactivation). Phosphorothioates and oxonphosphates can be detoxified by several biotransformation reactions. 67 The O-dearylation reaction of phosphorothioates is catalyzed by cytochrome P450 and yields alkyl phosphates and alkyl phosphorothioates, plus the corresponding alcohol ( Figure 3) . O-Dealkylation is catalyzed by microsomal oxygen and NADPH-dependent enzymes, and it involves hydroxylation at the α-carbon atom of an alkyl group. Hydrolysis yields more polar compounds, which are not capable of phosphorylating esterases. The main enzymatic systems involved in the hydrolysis of OPs are phosphotriesterases (PTEs), carboxylesterases (CarbEs) and glutathione-S-transferases. 69 Sogorb et al. 70 classified esterases according to their reactions with OP, in A-esterases, or arylesterases (those that hydrolyze OPs, but are not inhibited by them) and B-esterases (those that are inhibited by them). The A-esterases group is formed mainly by PTEs while B-esterases are CarbEs. PTEs are classified by the International Union of Biochemistry and Molecular Biology (IUBMB) as EC 3.1.8. They are widely spread on the phylogenetic scale and are strongly expressed in the serum and liver of mammals, while levels are barely detectable in birds. [71] [72] [73] The two best understood OP-detoxifying enzymes are the PTE paraoxonase, which hydrolyzes many Ops; 74 and diisopropylfluorophosphatase (DFPase), which acts on diisopropylfluorophosphate (DFP) and other phosphorofluoridates.
CarbEs are classified by the IUBMB as EC 3.1.1. and can act as scavengers to protect against OPs, facilitated by spontaneous reactivation after OP inhibition. Insecticidehydrolyzing esterases are generally better characterized in insects in relation to resistance than in mammals. Resistance to OPs insecticides in several insect species is associated to a high level of expression of CarbEs. These enzymes are expressed in the endoplasmic reticulum of many mammalian tissues. Mammalian CarbEs play key roles in the metabolism of a good number of drugs and xenobiotics. 74 They all possess an amino acid residue of serine in the active center. This serine is the target of the irreversible phosphorylation by OP that, in some cases, is the cause of toxic effects (as happen with the enzymes AChE or neuropathy target esterase, NTE). In others, however, these inhibitions does not apparently cause toxic effects and such reactions must be considered as detoxication reactions since each molecule of the enzyme is capable of scavenging one molecule of OP from the media. [71] [72] [73] This detoxication system is much less efficient than hydrolysis by PTEs because each CarbE reacts stoichiometrically with OPs and, consequently, this is not a catalytic reaction. Others CarbEs that hydrolyses phenyl valerate have been considered as potential sites of detoxification at low exposure because they are highly sensitive to paraoxon and, also, are able to be spontaneously reactivated when inhibited by this OP. 72 The role of human serum albumin in OPs detoxication was reported in 1984. 75, 76 More recently, studies have reported the OPs chlorpyrifos-oxon, diazoxon, O-hexyl O-2,5-dichlorophenyl phosphoramidate (HDCP), paraoxon and soman to be hydrolyzed by albumins from different species. [77] [78] [79] The hydrolysis mechanism is based on the phosphorylation of tyrosine (Tyr)411. 80 The final balance between activation routes (oxidative desulfuration) and deactivation routes (O-dearylation, O-dealkylation, and specially hydrolysis by PTEs) will become a determinant in the species susceptibility to the toxic effects of OPs.
Toxicokinetics of OPs
The absorption, distribution, metabolism, excretion (ADME) properties of OPs has been studied in both animal and human species. 81 OPs can easily cross lipid bilayers, such as alveolar and dermal membranes, because of their lipophilic characteristics. 82, 83 These chemicals can enter the body after exposures from different sources, i.e., ingestion of pesticide residues in food or accidental and intentional ingestion of insecticides; while dermal exposure represents the principal route, particularly during the mixing, loading and application of insecticides, or from skin coming into contact with contaminated surfaces. 84 Likewise, inhalation is also plausible while spraying pesticides. Based on the bioavailability for a given OP and exposure route, once the compounds have been absorbed, a systemic dose of the parent compound will enter the circulation. OPs are generally well distributed in tissue throughout the body, especially in fatty tissues. These compounds usually do not bio accumulate due to fast biodegradation. 73 The same property, their lipophilicity, determines slow urine excretion. More stable degradation metabolites are readily excreted in urine and offer the potential utility as biomarkers of exposure. [83] [84] [85] [86] The detection of low levels of metabolites in urine in human populations is a sound evidence for widespread, but low-level, exposures. 
Neurotoxicity of OPs
Extensively data of neurotoxicity of OPs exist from accidental human poisonings, epidemiological studies and animal models. [88] [89] [90] [91] [92] [93] [94] OPs can produce several neurotoxic effects depending on the dose, frequency of exposure, type of OP and the host factors that influence susceptibility and sensitivity. In terms of the dose, it is considered low dose when no clinical manifestation is observed and/or the serum cholinesterase level, as biomarker, is at more than 50% of its normal value; a medium dose is achieved when some clinical manifestations are observed like fatigue, headache, dizziness, numbness of extremities, nausea and vomiting, and the serum cholinesterase levels are between 20 and 50% of the normal value (mid) or between 10 and 20% of normal value (severe); high levels of exposure trigger severe clinical manifestations like marked miosis and loss of pupillary reflex to light, muscle fasciculation, flaccid paralysis, pulmonary rales, respiratory distress, cyanosis and unconsciousness. This usually happen when the serum cholinesterase level is at less than 10% of the normal value. 95 Regarding the dose of OP exposures, it has been observed that similar doses of different OPs cause similar levels of AChE inhibition but may induce different neurotoxic signs. 93, 96 Some of the effects have mechanisms and molecular targets identified while others are less clear. These effects are summarized in Table 2 and the enzymes known as the molecular targets related to them are summarized in Figure 4 .
Cholinergic crisis, acute toxicity
The mechanism by which OPs elicit their main toxic effect is the inhibition of AChE as shown in Figure 1 , which is the molecular pharmacological target of these compounds. The primary mechanism of action of OPs through AChE inhibition was first described by Dubois and Doull 97 and Dubois 98 with parathion and currently the mechanism, from the inhibition of AChE to the development of the symptoms, is well documented. Sufficient AChE inhibition within the synapse prevents the efficient breakdown of acetylcholine (ACh) molecules, leading to its accumulation in the synaptic region and the persistent stimulation of cholinergic receptors on postsynaptic cells. 99, 100 Effects of AChE inhibition (summarized in Table 3 ) have been well-documented and can be divided into three broad categories: muscarinic effects, nicotinic effects and central nervous system (CNS) effects. Levels of nerve AChE inhibition of approximately over 70% lead to the accumulation of ACh in synaptic clefts of neuromuscular junctions, which causes neuromuscular block and respiratory failure in severe cases. 101 Some reports describing delayed neuromuscular effect in mice exposed to GB vapor may actually be more related to the intermediate syndrome than to OPIDN. 105 Nonetheless, the intermediate syndrome's exact mechanism is not understood. The effect is likely to be due to the excessive accumulation of ACh at the neuromuscular junction that occurs with high-level exposure, leading to prolonged transmitter-receptor interaction. 106 Manifestation of intermediate syndrome correlates with the severity of acute toxic reaction from exposure to any OP nerve agent. It is related to prolonged inhibition of AChE activity at the neuromuscular junction and synaptic impairment of neuromuscular transmission and it is not toxicologically related to delayed neuropathy or OPIDN. 106 
Organophosphorus induced delayed neuropathy (OPIDN)
First observation of OPIDN was in 1930 when around 50,000 people were paralyzed in a poisoning epidemic in southern USA due to an adulteration of Jamaica ginger extract, a popular source of alcohol during the prohibition era, with the OPs tri-o-cresyl phosphate (TOCP). Ten thousand Moroccans who ingested TOCP-contaminated cooking oil in 1959, and 600 Indians who consumed contaminated rapeseed oil in 1988, also became ill. 107, 108 Later, the paralysis of several British workers exposed to mipafox clarified that the ability of TOCP to cause OPIDN was not unique and other OPs also provoked it. This finding spurred the start of still continuing investigations into the mechanism of this syndrome. 109 OPIDN is a neurodegenerative condition that affects nerves with long fiber tracts in both the CNS and the peripheral nervous system (PNS), causing an axonopathy of long sensorimotor axons in peripheral nerves and spinal cord. 110 OPIDN symptoms usually appear 2 or 3 weeks after a single dose, depending on the kinetic characteristics and the dose of the compound. Initially, the usual complaint is cramping muscle pain in the lower limbs, followed by distal numbness and paresthesia. Progressive weakness then occurs, together with depression of patellar and Achilles reflexes. In severe cases symptoms and signs of neuropathy appear in the arms and forearms and wasting and flaccid weakness of the distal limb muscles, especially in the legs. 114 Functional recovery occurs with time in less severe cases, with most distal involvement and sparing of spinal cord axons. Otherwise, spastic ataxia may be permanent. Young people have reported to recover completely, even from severe lower and upper limb involvement, but not the rest of population. 115, 116 OPIDN has been associated to the interaction with the so called NTE, a protein first discovered as the fraction of phosphorylated protein by neuropathic compounds. 117 Esterase activity was demonstrated and the inhibition used for monitoring the interaction with OPs. 118 The mechanism proposed for OPIDN is a multistep hypothesis: (i) OP inducers of OPIDN are by far more potent inhibitors of NTE than AChE; (ii) neuropathic effects are observed only after NTE activity is inhibited by 70-90%; 118 (iii) NTE is phosphorylated at the serine residue in the catalytic site; (iv) loss of an alkoxy group (aging) leaves a negatively charged phosphate at the active site; 119 and (v) a toxic gain of function leads to neurodegeneration. However, the exact mechanism is not completely understood. Although NTE inhibition and aging are necessary conditions to OPIDN, 120 the precise relationship between NTE and OPIDN has not yet been defined neither the function of NTE has been understood. It has been proposed that the association with NTE inhibition may be an epiphenomenon. 121 The stereospecificity of chiral OPs in inducing neuropathy has been related with the estereospecificity of the aging reaction.
Long term CNS neurotoxicity
Long term CNS toxicity related to OPs exposure was first reported when, returning from the Gulf War in 1991, thousands of soldiers presented a variety of signs and symptoms of neurological deficits (i.e., attention deficits, memory difficulties and sleep disorders) that were referred to as Gulf War illnesses. Despite intentional exposure to pyridostigmine, exposure to low levels of OPs nerve agents has been associated with these effects. 23, 121 In recent decades, an increasing number of epidemiological studies have suggested that exposure of people to repeated doses of low-medium levels of OPs can produce long term neuropsychological and neurobehavioral effects, that affect the CNS to a greater extent than the PNS, 85, 88, [122] [123] [124] These effects have also been observed in military personnel, farm workers, [82] [83] [84] [85] sheep dippers exposed to OPs, 125 and pilots exposed to air contaminated with OPs. 91 Similar symptoms have also been reported after the acute exposure to GB during the terrorist attack of Tokyo in 1995. 27 Different symptoms and signs have been observed in several studies and are summarized in Table 4 . The phenomenon called as chronic OP-induced neuropsychiatric disorder 126 can include the following effects: (i) neuropsychiatric effects: depression, fatigue, anxiety, irritability, and emotional state problems; (ii) cognitive effects: attention deficits, reduced visuomotor, perceptual and constructive abilities, verbal learning, speed of processing, memory problems, fatigue and muscle strength, and altered reflexes; (iii) neurobehavioral deficits: lower scores in digit span, digit symbol, and vigilance tasks; and (iv) sensory-motor functions altered.
However, what does not come over clearly are the exact exposure conditions and controversial results have been reported. 90, 91, [127] [128] [129] Even though intoxication with antiChEs may induce long-term mild changes in neurologic functions, the potential for low-level exposures that lead to chronic neurological changes is even less uncertain and a matter of diverse opinion. At this point, the question arises as to whether or not these effects are caused in doses below those causing acute toxicity or AChE inhibition. Long-term exposure to low or moderate doses of OPs does not cause clinically overt cholinergic toxicity. 130 However, most studies done in humans based in the biochemical measure of ChE activity over time provide no data on this aspect. Ray and Richards 131 reviewed the data until 2001, and proposed that any chronic effects of low-level exposures are likely to occur through a mechanism that is independent of AChE inhibition. Jamal et al. 132 reviewed epidemiological and experimental studies published until 2002 on chronic effects of OPs with or without previous acute cholinergic episodes.
The majority of studies have primarily found associations in the occupational setting and very few studies have searched for chronic neurologic effects beyond the occupational setting. A recent ecological study conducted in Spain in a general population and a large sample size (n = 17,429) indicated a higher prevalence and greater risk for certain neurodegenerative diseases (AD and Parkinson's disease) and suicide attempts in populations living in areas with high use of pesticides, most of which are carbamates and OPs. Ecological bias and other types of confounders preclude etiological interpretations. 133 Experimental data on low-medium doses of OPs neuro-toxicological outcomes in animals (summarized in Table 5 ) are abundant, but relatively few have dealt with long-term exposures. In the review by Jamal et al., 126 five published experimental studies are pointed where chronic OP neurotoxicity was observed with subclinical exposure in primates, rhesus, mice and rats. 126, 137 Most of the reports in the literature deal with repeated exposures to OPs, which are as short as 5 days and are rarely longer than 3 months. 134 Also, almost all the studies used chlorpyrifos or its metabolite chlorpyrifos oxon as OPs pesticides. Animal experiments studying asymptomatic exposure to OPs have pointed various effects on physiological and behavioral functions. The cannabinoid system consists of the CB1 and CB2 G protein-coupled cannabinoid receptors in the CNS and the PNS, respectively, and two endocannabinoid ligands, anandamide and 2-arachidonyl glycerol (2-AG), which are biosynthesized and degraded by serine hydrolases fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), respectively. Endocannabinoids are neuromodulators that influence a variety of neurological processes throughout both the PNS and the CNS. 140 They regulate the release of a variety of neurotransmitters, including ACh, dopamine, glutamate, gamma-aminobutyric acid (GABA) and others in a brain-regional manner. This system is involved in appetite, pain, synaptic plasticity, mood and the psychoactive effects of cannabis. OPs have demonstrated to be able to disrupt this system in various ways. Furthermore, in order to inhibit FAAH and MAGL, OPs block CB1 site(s). 141 Ex vivo studies with mouse brains suggest that OPs inhibit FAAH much more than CB1 and that these targets generally appear to be less important in poisoning than AChE and NTE-lysophospholipase (LysoPLA). 142, 143 However, some OPs are MAGL and FAAH strong inhibitors that act at 0.1-1 nmol L −1 in vitro and at 1-10 mg kg −1 in vivo. 144 Indeed, a number of studies have also reported the inhibition of hippocampal ACh release by endocannabinoids. 145 A proposed mechanism is: (i) OP inhibit AChE and (ii) ACh accumulation in a brain-regional manner activates CB signaling, which could modulate the degree of ACh.
Chemicals that can enhance CB signaling have been seen to reduce the functional and neurobehavioral signs of toxicity in rats following OP anti-ChE exposure. 146, 147 Similar cholinergic toxicity and AChE inhibition have been observed after the acute treatment of chlorpyriphos in mice CB1(−/−) and the wild type. However, chlorpyrifos significantly reduces hippocampal ACh release ex vivo in both, but significantly more so in CB1(−/−). 148 However, current OPs insecticides normally used do not appear to pose any cannabinoid-related toxicity problems and further 
Interaction with Other Esterases and Future Perspectives
There is a lack of a good relationship between some of the long term effects of OPs and the magnitude and regional selectivity of AChE inhibition. 150 Also, between the inhibition of NTE and the production of the effects of OPIDN. 151 OPs inhibit not only AChE and NTE but also many other esterases, most of them in the family of serine hydrolases. Any serine hydrolase can be sensitive to OPs due to the nucleophilic nature of the serine residue present in these hydrolytic enzymes. 96, 152 The possibility of the relationship between the inhibition of esterases and the toxicological effects of OPs have been studied in the last years by several groups. [153] [154] [155] [156] [157] [158] [159] [160] [161] This interactions have been experimentally observed and quantified by enzymatic activity assays on specific substrates, 160, 161 by activitybased protein profiling studies, 162, 163 by exhaustive kinetic characterization with OPs models and phenyl valerate as a non-specific substrate for esterases [164] [165] [166] [167] [168] [169] and through further separation and fractionation protein studies in chicken brain. 165 A recent study, using high performance liquid chromatography tandem mass spectrometry (LC-MS/MS) proteomic identification, pointed butyril cholinesterase (BuChE) as an esterase highly sensitive to paraoxon and mipafox that hydrolyzes phenyl valerate in chicken brain. 167 However, most of these esterases are not molecularly identified and other experimental interactions are not completely related with the biological effects of OPs yet. Linking these in vitro results to the observed toxic effects of OPs is a future research direction and the complete molecular identification of the whole pool of esterases interacting with OPs will be useful to understand their long term and low, medium level effects. 170 The safety of the continued use of OPs in agriculture and the treatment of poisoning by OPs in accidents or terrorist attacks depend on the knowledge of these toxicological targets and pathways.
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